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Abstract The storage of carbon dioxide in deep brine-ﬁlled permeable rocks is an important tool for CO2
emissions mitigation on industrial scales. Residual trapping of CO2 through capillary forces within the pore
space of the reservoir is one of the most signiﬁcant mechanisms for storage security and is also a factor
determining the ultimate extent of CO2 migration within the reservoir. In this study we have evaluated the
impact of reservoir conditions of pressure, temperature, and brine salinity on the residual trapping charac-
teristic curve of a ﬁred Berea sandstone rock. The observations demonstrate that the initial-residual charac-
teristic trapping curve is invariant across a wide range of pressure, temperature, and brine salinities and is
also the same for CO2-brine systems as a N2-water system. The observations were made using a reservoir
condition core-ﬂooding laboratory that included high-precision pumps, temperature control, the ability to
recirculate ﬂuids for weeks at a time, and an X-ray CT scanner. Experimental conditions covered pressures of
5–20 MPa, temperatures of 25–50C, and 0–5 mol/kg NaCl brine salinity. A novel coreﬂooding approach
was developed, making use of the capillary end effect to create a large range in initial CO2 saturation (0.15–
0.6) in a single coreﬂood. Upon subsequent ﬂooding with CO2-equilibriated brine, the observation of resid-
ual saturation corresponded to the wide range of initial saturations before ﬂooding resulting in a rapid con-
struction of the initial-residual curve. For each condition we report the initial-residual curve and the
resulting parameterization of the Land hysteresis models.
1. Introduction
The residual trapping of CO2 in the deep subsurface is a key process for maximizing capacity and ensuring
the integrity of CO2 sequestration at industrial scales. The most recent ofﬁcial CO2 storage capacity estimate
for the United States in Warwick et al. [2013] considers 90% of the total available capacity to be associated
with residual trapping and capacity estimates for other countries show similar sensitivity to the character of
residual trapping [Gammer et al., 2011; Halland et al., 2011]. The extent of trapping and its relationship to
ﬂow property hysteresis has an important impact on the movement of the mobile sections of a subsurface
CO2 plume, as shown by a number of studies [Juanes et al., 2006; Doughty, 2007; Hesse et al., 2008]. Going
further, Qi et al. [2009] showed that ﬂow property hysteresis could even be used to design reservoir man-
agement strategies that lead to signiﬁcantly enhanced trapping.
Residual trapping has been investigated extensively for petroleum engineering applications for two primary
reasons. Intuitively, residual trapping has a primary control on the ultimate oil recovery in conventional pro-
duction processes. Where water is being used to drive oil from a reservoir, for example, a product of the
sweep, the total fraction of the reservoir contacted by the injected water, and the complement of the resid-
ually trapped oil saturation determines the ultimate recovery [Lake, 1989]. This is the analog to the role of
residual trapping in capacity estimation for CO2 storage. The product of the spatial extent of the CO2 plume
and residually trapped saturation will determine the extent to which residual trapping contributes to the
total storage capacity of a reservoir [Warwick et al., 2013; Gammer et al., 2011; Halland et al., 2011].
Second, but at least as important, is that since the work of Naar and Henderson [1961] and Land [1968] the
most widely used continuum approaches for modeling multiphase ﬂow in strongly water wet systems have
assumed that residual trapping can be used to parameterize models for hysteresis in relative permeability
and capillary pressure constitutive functions. In this approach, the nonwetting phase saturation, Snw, is con-
ceptualized as consisting of parts that are connected, Snw,c, or contributing to ﬂow and parts that are
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disconnected, Snw,d, or not contributing to ﬂow, Snw5 Snw,c1 Snw,d and Snw,c Snw. It is assumed that relative
permeability to the nonwetting phase, kr,nw, is a function only of the connected saturation. Along a bound-
ing drainage curve all of the nonwetting phase is assumed to be connected, Snw5 Snw,c, whereas on an
imbibition curve the connected saturation must be calculated from a model that uses observations of resid-
ual trapping for its parameterization. A number of models have been developed around this concept.
Reviews included in Pentland et al. [2010] and Joekar-Niasar et al. [2013] discuss the models developed by
Land [1968], Lenhard and Parker [1987], Ma and Youngren [1994], Jerauld [1997], Kleppe et al. [1997], and
Spiteri et al. [2008]. In summary, models for hysteresis consist of (i) a relationship between the permeability
of the nonwetting phase and its connected or ﬂowing saturation, (ii) a model for the connected saturation
as a function of saturation history and residual trapping characteristic, and (iii) a model for the residual trap-
ping characteristic, relating the residual trapping saturation of the nonwetting phase to the maximum satu-
ration obtained before imbibition. This third component concerning the residual trapping is the only
observation-based input into the parameterization of hysteresis (Imbibition bounding or scanning curves
can generally be used interchangeably with observations of residual trapping to constrain these models but
there is an implied self-consistency. Speciﬁed imbibition curves imply an IR relationship and vice versa. A
notable variation is the widely used model of Killough [1976] which includes extra parameters to allow for
the tuning of the curvature of the scanning curves between the bounding drainage and residual trapping
points. This can obviously only be obtained from observations of the scanning curves themselves.).
For illustrative purposes we make use of one of the earliest and simpler iterations of this approach, sug-
gested by Land [1968] and employed for modeling CO2 storage in Kumar et al. [2005] and Qi et al. [2009]. In
this version kir;CO2ðSCO2Þ, the imbibition relative permeability to CO2 at a given saturation is set as equivalent
to the drainage relative permeability function, kdr;CO2 , evaluated at the connected saturation
kir;CO2ðSCO2Þ5kdr;CO2ðSCO2;cÞ: (1)













Where SCO25SCO2=ð12Sw;irrÞ is the saturation normalised to the irreducible water saturation. In this work the
irreducible water saturation was not available and the data is reported unnormalised. The parameter C is
found by ﬁtting a curve to a plot of the residual saturation, SCO2;r , versus the initial saturation prior to imbibi-
tion, SCO2;i . The models used to generate the ﬁtting curve are empirical relationship, e.g., the model pro-





The IR curves for various values of C and the corresponding imbibition scanning curves are shown in Figure 1.
Like the other constitutive relationships describing multiphase ﬂow, capillary pressure, and relative perme-
ability, the IR characteristic of a rock is considered to be invariant across a wide range of ﬂuid pairs and con-
ditions of temperature, pressure, and brine salinity so long as the wetting state of the system is similar
between systems. It is well known that the properties will vary, however, if these conditions control the wet-
ting state of the system [Salathiel, 1973; Wang, 1988] or the ﬂow velocity v, viscosity l, and interfacial ten-
sion r combine in a way such that the dimensionless capillary number, Nc5 vl=r, exceeds a critical value
for desaturation. For Berea sandstone this has been observed to be in the range Nc > 102521024 [Taber,
1969; Foster, 1973; Gupta and Trushenski, 1979].
Recent observations, however, have raised doubts about whether these general observations extend to the
CO2-brine system. Resolving this uncertainty and its potential impact on residual trapping was the focus of
this work. In particular, observations of contact angles of CO2-brine systems on polished mineral surfaces
reported by Chiquet et al. [2007], Espinoza and Santamarina [2010], Broseta et al. [2012], and Jung and Wan
[2012] suggested that the wetting properties of the CO2-brine-rock system may be sensitive to the pressure,
temperature, and brine salinity of the system. This would imply that the multiphase ﬂow properties them-
selves could be dependent on reservoir conditions. Preliminary observations consistent with an effect of
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reservoir conditions or ﬂuid properties on the relative permeability have been reported by Bachu and Benn-
ion [2008] and Berg et al. [2013] and on residual trapping by Pentland et al. [2011] and El-Maghraby and
Blunt [2012]. A dependence of multiphase ﬂow properties on reservoir conditions for the CO2-brine system
would have major implications for the evaluation of CO2 storage resources, the management of storage
projects, and the capacity for a particular reservoir to secure CO2 in a residually trapped form.
A number of observations of the residual trapping characteristics of CO2-brine-rock systems have been
reported in the last 5 years. These studies were performed to obtain the trapping characteristics at a real or
nominally representative reservoir conditions and they are not sufﬁcient on their own or as a compiled data
set for an evaluation of the inﬂuence of the reservoir condition on trapping. An early observation of residual
trapping was provided by Suekane et al. [2008] and the ﬁrst characterization of the IR curve with supercriti-
cal CO2 in a consolidated rock was reported by Pentland et al. [2011]. In this work less trapping was
observed for a CO2-brine system in Berea sandstone compared with a decane-brine pair, consistent with a
less strongly wetting system for CO2-brine. More characteristic trapping curves have been subsequently
published for Berea sandstone [Krevor et al., 2012; Akbarabadi and Piri, 2013], other sandstones including
rocks from pilot CO2 storage sites in the United States and Australia [Krevor et al., 2012] and carbonate rocks
[El-Maghraby and Blunt, 2012; Bachu, 2013], but most of these do not compare results between various con-
ditions or ﬂuid pairs. Pore-scale observations of residually trapped CO2 at reservoir conditions have also
been made by Silin et al. [2011] in a synchrotron and by Iglauer et al. [2011] and Andrew et al. [2014] using
bench-scale micro CT. The observed bubble morphology in these works suggests both sandstone and car-
bonate rocks to be water wetting in the presence of CO2. Despite this abundance of high-quality data,
meta-analyses of the results in this literature reported in Bachu [2013] and Burnside and Naylor [2014] dem-
onstrate the inadequacy of the compiled data set for assessing the impact of reservoir conditions on resid-
ual trapping or other multiphase ﬂow properties. Resolving the uncertainty was the focus of this work.
We report an analysis of the impact of reservoir conditions on residual trapping in ﬁred Berea sandstone using
a group of experimental observations deriving the residual trapping characteristic curves in CO2-brine systems
in which pressure, temperature, and brine salinity were systematically varied across seven tests. For compari-
son with a system known to be strongly water wet an experiment was also performed with N2 and water.
Conditions were varied to cover a range representative of subsurface conditions in real target storage reser-
voirs and with the CO2-rich phase existing as a gaseous, low-density supercritical ﬂuid and high-density super-
critical ﬂuid. A novel coreﬂooding technique was developed and used, combining the deliberate creation of
capillary pressure gradients in the core with in situ saturation monitoring to rapidly construct the initial-
residual curve. An initial version of the technique was presented in Krevor et al. [2012] and further develop-
ment presented here included the use of reservoir simulation to aid in the design of the test parameters, e.g.,
ﬂuid ﬂow rates, to obtain the largest range of saturations with the fewest number of measurements.
Figure 1. The graph on the left shows IR characteristic residual trapping curves using the model of Land [1968] for various values of the constant C. On the right imbibition curves departing from
the primary drainage curve are shown for the different values of C. As the value of the constant increases, trapping decreases and hysteresis in the relative permeability necessarily weakens.
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2. Material and Experimental
Conditions
A homogenous Berea sandstone rock core was
used with the properties summarized in Table
1. The core was 3.8 cm (1.5 inches) in diameter
and 20 cm (8 inches) in length. Capillary pres-
sure was characterized on pieces remaining after cutting with the mercury injection capillary pressure
(MICP, AutoPore IV 9500, Micromeritics) from vacuum to 227.5 MPa (see Figure 2). The rock core was heated
in an oven at 700C to stabilize mobile clays, standard practice for petrophysical investigations dependent
on sequences of observations using the same rock core [Oak et al., 1990]. The mobilized clay can cause
time-dependent reduction of rock permeability. The porosity was measured using X-ray imaging, calculated
from the difference in X-ray attenuation between a water-ﬁlled and air-ﬁlled rock. Absolute permeability
was measured with a coreﬂood using distilled water.
To evaluate the impact of pressure, temperature, and brine salinity on residual trapping, coreﬂoods were
performed using CO2 for seven tests and N2 in one test (both with purity 99%, BOC, Ltd., UK) as the nonwet-
ting ﬂuid and brine with various concentrations of NaCl as the wetting ﬂuid. A range of pressures, tempera-
tures, and brine salinities were explored with the experimental parameters of the tests summarized in Table
2 and Figure 3. Brine salinity ranged from 0 to 5 mol/kg NaCl. The pressure ranged from 5 to 20 MPa. The
temperature of the tests was either 25 or 50C. This resulted in a range of values of interfacial tension from
30 to 47 mN/m for the CO2 experiments whereas the interfacial tension for the experiment with N2 was
much higher, 73 mN/m.
3. Experimental Design
For this work capillary end effects in coreﬂoods were exploited to rapidly observe the initial-residual satura-
tion relationship across a wide range of saturations at reservoir conditions. Core ﬂooding is an experimental
approach whereby multiphase ﬂow properties of a rock, such as the relative permeability, are characterized
by observing ﬂuid ﬂow through a sample that is shaped such that the ﬂow can be assumed to be one-
dimensional, the so-called rock core. In these tests the inlet and outlet boundaries of core can have an
important impact on the design of the test. In these tests the inlet and outlet boundaries of the core can
have an important impact on the design of the test. In these locations ﬂuid is moving from or into a region
of weak or no capillarity (generally a tube connected to a pump) into or from the rock where capillarity
dominates the ﬂuid distribution and provides resistance to ﬂow. In its most common manifestation, the cap-
illary end effect leads to a capillary pressure gradient decreasing toward the outlet of the core resulting in a
corresponding saturation gradient from high nonwetting phase saturation at the inlet to low saturation at
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Figure 2. The characteristic capillary pressure and relative permeability curve used to represent Berea sandstone in the experimental design.
Water Resources Research 10.1002/2014WR016441
NIU ET AL. VC 2015. The Authors. 4
the outlet. In measurements of relative permeability these effects can cause problems with the interpreta-
tion of the results and can lead, for example, to an underestimate of relative permeability at a given non-
wetting phase saturation. In characterizing the residual trapping characteristics for this work, however, this
effect was used to the advantage of the experiment.
A schematic of the principles of the test is shown in Figure 4. In a given test, a range of initial CO2 satura-
tions along the length of the core were created by performing drainage at a ﬂow rate that maximized the
capillary end effect. Subsequently, imbibition was performed a ﬂow rate representative of reservoir condi-
tions until the saturation reduced to the residual. A range of residual saturations is observed along the
length of the core corresponding to the range in initial saturation existing prior to imbibition. As a result, a
single coreﬂood can be used to parameterize the IR curve along a range of saturations rather than obtaining
a single point along the curve.
For the choice of the speciﬁc experimental operating parameters, numerical simulation was used to esti-
mate ﬂow rates that maximized the capillary end effect. Additionally, the simulations were used to identify
the combination of ﬂow rates that would allow for a parameterization of the IR curve over the largest satu-
ration range in the core with the smallest number of measurements. The numerical model and the resulting
optimized test parameters are discussed in the following sections.
3.1. Description of the Numerical
Model
The simulation tool used in this work
was the adaptive implicit-explicit black
oil simulator (IMEX) from the computer
modeling group (CMG). The ﬂuids CO2
and brine were immiscible by default in
the black oil simulator, which was con-
sistent with the conditions created in
the trapping experiments in this work.
The simulations were performed on a 2-
D homogeneous model constructed to
represent an axial slice from the middle
of the Berea sandstone rock core. The
model had 200 grid cells along the ﬂow
direction and 50 in the vertical direction.
This corresponded to the minimum
image thickness obtained from our CT
scanner (more details on the experimen-
tal setup are available in section 4) and
allowed us to assess the potential impact
of gravity segregation in the tests. The
parameters chosen for physical
Table 2. Experimental Conditions and Fluid Properties for the Eight Experiments Reported in This Worka
Exp. Num. Temp.(C) Pressure (MPa) Molality (mol/kg) Salinity (mg/L) IFT (mN/m) Densityb (kg/m3) Fluid
1 50 10 0 0 36 386 Sc
2 50 10 1 60 37 386 Sc
3 50 10 3 188 41 386 Sc
4 25 10 0 0 34 818 Liquid
5 50 5 0 0 47 105 Gas
6 50 20 0 0 30 784 Sc
7 50 10 5 329 44 386 Sc
8 (N2) 25 10 0 0 73 113 Sc
aThe text Sc indicates supercritical conditions.
bDensity is given for the nonwetting phase, either CO2 or nitrogen.
Figure 3. Experimental conditions plotted on a map of IFT as a function of pres-
sure and temperature at the brine salinities (NaCl) used in this study.
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properties in the model are described in Table 3. The experimental conditions of experiment two were used
as input for the simulation.
The Brooks-Corey model was used to describe the relative permeability and is shown in equations (4) and
(5), where the Sw,irr is the irreducible water saturation and the parameters nw and nCO2 are Corey exponents
for brine and CO2, respectively. The characteristic relative permeability used in the model was chosen to
represent data from experiments on relative permeability in Berea sandstone reported in Krevor et al. [2012]











The capillary pressure values for the mercury air system, Pc,Hg, collected using MICP were used to estimate







where it was assumed that the wetting properties of the two systems were similar. After conversion, the
data were ﬁt with the Brooks-Corey model [Li, 2004] for use in the simulator,
Pc5Pe Sð Þ21=k; (7)
where Pe was the entry pressure for the invasion of CO2 into the core sample, and k the pore size
distribution index. The ﬁtted value of Pe and k used in the simulation were 5.5 kPa and 0.6, respec-
tively. Figure 2 shows the capillary pressure curve used in our simulation.
Boundary slices were added to both inlet and outlet ends of the core, having the same dimension and prop-
erties as the rock slices following a procedure outlined in Kuo et al. [2010]. Constant injection rate-
controlled wells and constant bottomhole pressure controlled wells were completed in the grid elements of
Figure 4. Schematic showing the technique for the rapid construction of the residual trapping curve. A drainage coreﬂood is performed
and X-ray imaging used to obtain saturation along the core (left). Using drainage ﬂow rates that optimize the capillary end effect, a range
of initial CO2 saturations can be imaged in the core prior to imbibition. Upon imbibition the saturation lowers and the IR curve is con-
structed (right) correlating the ﬁnal saturation in each slice along the core to the saturation prior to imbibition.
Table 3. Parameters Used in the Experimental Design Simulation
Properties Units Values Properties Units Values Properties Units Values
Porosity (%) 18.8 Core length (cm) 20 Swr 0.1699
Permeability (mD) 212 Temp. (C) 50 Snwr 0
Core diameter (cm) 3.8 Pressure (MPa) 10 k 0.6
qw (kg/m
3) 1023.6 Salinity (mol/kg) 1 nw 6
qco2 (kg/m
3) 385.5 lco2 (cP) 0.028 ng 3
r (mN/m) 37.37 lw (cP) 0.609 Pe (KPa) 5.5
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the inlet and outlet boundary slices,
respectively. In addition, linear relative
permeabilities were used for the inlet
and outlet slices to allow full mobility
for each phase. The capillary pressure
between CO2 and brine was set to zero
at the inlet. For the outlet boundary
the capillary pressure was set to a con-
stant equal to the entry capillary pres-
sure Pe. While there is still some debate
as to how best to represent the capil-
lary discontinuity in a physical sense
[Richardson et al., 1952], this arrange-
ment produced simulation results most
consistent with our observations of the
impact of the inlet and outlet bounda-
ries.
3.2. Optimum Fluid Velocities
Simulation results for CO2 saturation along the length of the core after injection into an initially brine satu-
rated core are shown in Figure 5 for injection rates 20 and 0.2 cm3/min. Each point represents the CO2 satu-
ration averaged across the entire slice. As anticipated, the CO2 saturation decreased toward the outlet due
to the capillary end effect, resulting in a range of initial saturations prior to imbibition. In Figure 6, a histo-
gram of saturation values achieved after 60 min of drainage are shown for four ﬂow rates. In this scenario
four cycles of drainage, imbibition and core refreshing would result in an initial-residual characteristic trap-
ping curve spanning initial CO2 saturations from 0.15 to 0.65 with most of the data coverage at intermediate
values. Optimal ﬂow rates were seen as those that maximized the saturation range of observations with the
smallest number of experimental cycles. For the experimental observations two drainage injection rates
were thus chosen, 0.2 cm3/min to obtain initial saturations at a lower range of values and 20 cm3/min to
obtain initial saturations at a higher range of values. In the simulation this resulted in a small gap in initial
saturation values from 0.3 to 0.4, in
Figure 6. This was sometimes
observed in the experiments
although in some measurements
continuity in the observations
obtained at the low and high ﬂow
rates was observed. Figure 7 shows
the simulated data on the IR curve.
The initial values are taken from the
simulated CO2 saturation proﬁle and
the residual values are related to the
initial saturation through the Land
trapping model with coefﬁcient
C5 1.1 after previous CO2 observa-
tions of residual trapping by Krevor
et al. [2012]. A drainage injection
rate of 0.5 cm3/min was used for
some experiments to provide data
coverage to show continuity
between data gathered using low
and high drainage rates. Similarly,
some brine injection rates of
0.5 cm3/min for imbibition were
Figure 5. Simulated saturation proﬁles along the core sample during drainage
with injection rates 0.2 and 20 cm3/min and various amounts of time.
Figure 6. A frequency histogram of the simulated average CO2 saturation after 60
min of drainage. Each data point is the average saturation over the entire diameter
of the core and 1 mm in the axial direction, referred to as a ‘‘slice’’ in the plot. The
plot shows how a range of saturations can be covered utilizing different drainage
ﬂow rates. It also shows that there will be more data coverage for the intermediate
saturation values. In the experiments saturations with less than 10 slices worth of
data were ignored.
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chosen to test the impact of different
imbibition rates on the results. Full
details of the experiments are
included in section 4. It was found
that within this range of variation
there was no impact of injection rate
on the results of the tests.
In choosing ﬂow velocities it was of
primary concern that drainage and
imbibition processes occurred in a
force balance regime where capillarity
dominates the pore-scale distribution
of the ﬂuids. For Berea sandstone this has been observed in several studies to be in the range where Nc
< 102521024 [Taber, 1969; Foster, 1973; Gupta and Trushenski, 1979]. The capillary numbers associated with
the experimental test parameters are listed in Table 4 with the viscosity associated with the displacing
phase, CO2 during drainage and brine during imbibition. All of the experiments were well within the capil-
lary dominated regime. The capillary numbers were also similar to values observed in ﬁeld settings during
water ﬂooding, where Nc varies between 10
27 and 1026 [Lake, 1989].
4. Experimental Setup and Procedures
4.1. Experimental Setup
The experimental work was conducted on a coreﬂooding system recently developed at Imperial College
London. The system used in this work included, six pumps, a two phase separator, differential pressure
transducers, and a core holder, as shown in Figure 8. All wetted parts were made of HC276 hastelloy. The
experimental setup was a closed loop system which allowed for a preequilibration of mass transfer
between CO2 and brine prior to the initiation of drainage in the rock core. The system allowed ﬂuids to
be coinjected into the core sample at maximum pressure of 30 MPa and temperature 120C.
Each of the pumps (Teledyne Isco, model 500D) used for the injection of ﬂuids and to maintain the overall
pressure in the system had a volume capacity of 507 mL and ﬂow range from 0.001 to 204 mL/min. The
temperature of the ﬂuid in the pumps was controlled by external ﬂuid circulation temperature control baths
connected to the pumps. All of the tubing in the rig was heated by resistance heating lines and wrapped in
insulating foam. The efﬂuent of the core was sent to a two-phase separator (Vinci Technologies) with a
500 mL capacity, housed in an oven. The ﬂuid interface in the separator was monitored thorough a sapphire
window by an automated moving camera with software programed to locate the interface and move the
camera synchronously as needed to keep track of the interface. The system pressure was controlled by a
pump in constant pressure mode and separate pairs of pumps were used to circulate CO2 and brine in a
dual pump operation where the two pumps for a given ﬂuid were simultaneously injecting ﬂuid into the
rock core while retrieving ﬂuid from the two-phase separator. To conﬁrm the correct operation of the circu-
lating system data from all pumps and the two-phase separator were recorded in real time and displayed
on a central computer in a control room where it could be monitored while X-ray imaging was taking place.
The core holder used was a Phoenix Instruments aluminum core holder wrapped in a silicone heating tape
with temperature measured in the conﬁning
ﬂuid to maintain the core at the desired temper-
ature. A conﬁning stress was applied with water
as the conﬁning ﬂuid using a pump (Teledyne
Isco, Model 100DX) that had a pressure limit of
69 MPa. Two high-accuracy pressure transducers
(Oil ﬁlled Digiquartz Intelligent transmitter,
Model 410K-HT-101) were connected through
tubing ported directly to the inlet and outlet
faces of the core to measure the pressure drop
across the core. A Universal Systems HD-350 X-
ray CT scanner was used for in situ saturation
Figure 7. Simulated data on an initial-residual curve plot for two drainage ﬂow
rates.
Table 4. Capillary Number Nc Ranges for the Flow Rates Used in
the Experiments
Injection Process Rates (cm3/min) Nc
a
Drainage 20 (5.3234) 3 1027
Drainage 0.5 (1.328.5) 3 1028
Drainage 0.2 (5.3234) 3 1029
Imbibition 0.2 (1.723.9) 3 1027
Imbibition 0.5 (4.329.7) 3 1027
aThe variation is due to changes in thermophysical properties of
the ﬂuids among test conditions.
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monitoring during the tests. The size of the scanned images was 5123 512 pixels, with the dimensions of
each pixel 250 lm.
4.2. Porosity and Saturation Measurement
Porosity and saturation were calculated using the standard procedure involving a calibration for each test
with CT scans of the core fully saturated with the ﬂuids at the pressure, temperature, and brine salinity con-
ditions of the test [Akin and Kovscek, 2003]. Equations (8) and (9) show the calculations used based on the
calibration observations. In the equations, CT refers to the measured X-ray attenuation in Hounsﬁeld units
for each pixel. The variables CTw;r ;CTa;r ;CTCO2;r , and CTbr are the CT number of the core fully saturated with
Figure 8. Schematic of the experimental setup used in this work.
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deionized water, air, CO2 and
the CO2-saturated experimen-
tal brine, respectively. The CT
number of the two pure refer-
ence ﬂuids is CTw and CTa for
water and air, respectively. The
variable CTex is the CT number
of an image of a partially satu-










The values for the two pure ref-
erence ﬂuids, CTw and CTa,
were close to 0 and21000 for
each scan. In our calculation
equations (8) and (9) were
applied to calculate slice average properties by using slice-averaged CT numbers. The voltage and current
used in the experiment were 120 kV and 225 mA, respectively. The X-ray exposure was 1 s for each slice.
4.3. Experimental Procedures
The experimental setup was a closed loop and prior to inserting the core holder, the system was purged of
ambient air using degassed water. Subsequently, CO2 circulation was used to clear water from lines that
would be used for CO2 circulation to avoid premature introduction of water into the rock core.
For each test the ﬁred Berea sandstone rock core was dried in a vacuum oven at 60C for at least 12 h. The
dry core was then wrapped with an inner layer of heat shrinkable teﬂon, a central layer of aluminum foil, an
outer layer of teﬂon and ﬁnally
housed in a viton sleeve. The
teﬂon prevented bypassing
channels along the sleeve of
the core while the aluminum
prevented diffusion of the CO2
into the Viton and conﬁning
ﬂuid. This assembly was then
inserted into the core holder.
The core was ﬂushed with dry
gaseous CO2 and an overbur-
den pressure of 5 MPa was
applied through the conﬁning
ﬂuid. At this stage, the core
was scanned to obtain CTa,r.
The thickness of the imaged
slice was 1 mm in all of the
experiments.
Based on our simulation results
(Figure 5) the saturation varied
more rapidly close to the inlet
and outlet ends of the core
and slowly in the central
Figure 9. Comparison of CT numbers before and after CO2 fully dissolved into the brine in
Exp. 1. Star: CO2 saturated core, triangle: after 4.3PVI, square: after 5.6PVI, circle: after 6.9PVI.
Figure 10. The CO2 saturation along the core during the drainage process in Exp. 1, at
0.2 cm3/min. Star: 0.16PVI, triangle: 0.29PVI, square: 0.42PVI, circle: 0.55PVI, diamond:
0.68PVI. All PVI data calculated from the moment CO2 entered the core.
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region. Therefore, scans were
taken averaging over 1 mm
thickness for the 20 mm clos-
est to the inlet and outlet ends
while scans in the central sec-
tion were taken with spacing
of 2 mm between slices. This
allowed for observations across
the entire core to be obtained
within 15 min without having
to stop to wait for the X-ray
tube to cool.
The core sample was ﬁrst satu-
rated with dry CO2. The system
was then pressurized and
heated to the experimental
conditions. When the CO2 was
equilibrated in the core holder
with the pressure and temper-
ature the core was scanned to
obtain CTCO2;r . The core was
then saturated with brine
injected into the core at 2 cm3/min. Most of the CO2 ﬂowed out of the downstream end of the core and the
remaining CO2 dissolved into the brine. Figure 9 shows the CT values obtained in experiment 1 while verify-
ing that CO2 had either left the core or fully dissolved into the brine after approximately ﬁve pore volumes
of brine injected.
At this point, the core holder was isolated by closing off valves and circulating ﬂuid through a line bypass-
ing the core holder (Figure 8). The CO2 and brine were then equilibrated by cocirculating the ﬂuids together
for 10–12 h while the volume balance of ﬂuid in the system was monitored. The total volume of ﬂuid in the
system reached a steady state after a few hours providing a conﬁrmation that no further net dissolution
was occurring.
Before starting CO2 injection, the brine in the core was replaced with CO2 saturated brine and the core was
scanned to obtain CTbr. To perform the drainage step, CO2 was injected into the equilibrated brine saturated
core at the low drainage rate, 0.2 or 0.5 cm3/min, for the test. Due to the dead volume of tubing between
the CO2 pump and core holder it typically took around 1 h for CO2 to reach the inlet of the core sample.
The simulation results indicated that breakthrough should take place after approximately 40 min of drain-
age (Figure 5), and at that time the whole core was scanned. The scanning itself occurred over a duration of
15 min and a subsequent 15 min was required for the X-ray tube to cool before scanning could begin
again.
From this point, the whole core scanning was continuous until the end of the imbibition cycle. During drain-
age, a minimum of two sets of the whole core scans were taken which provided a conﬁrmation that the sat-
uration was not changing during the duration of the scans and that the initial CO2 saturation prior to
imbibition was accurately captured, shown in Figure 10. The imbibition process was initiated by injecting
brine. The actual CO2 drainage injection process continued until the brine reached the core sample, typi-
cally requiring 1 h further, during which time scans continued to insure that the correct initial CO2 satura-
tion was obtained. The measurement of residual CO2 saturation was made after the saturation proﬁle was
conﬁrmed as stable, shown in Figure 11. As anticipated from the simulation design, the capillary end effect
allowed for a large saturation range to be observed at the low drainage ﬂow velocities.
Before starting drainage for the high injection rate (20 cm3/min) phase of the test, the core was ﬂushed
with distilled water and resaturated with the equilibrated brine, to make sure all experiments represented a
process of primary drainage and secondary imbibition. The experimental setup allowed for the replacement
Figure 11. The CO2 saturation along the core during the imbibition process in Exp. 1, at
0.2 cm3/min. Star: initial CO2 saturation, triangle: 0.09PVI, square: 0.22PVI, circle: 0.35PVI, dia-
mond: 0.57PVI (residual CO2 saturation).
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of part or all of the brine in the system while maintaining pressure and temperature conditions throughout
the system. The procedures for the high injection rate drainage process followed those for the low injection
rate drainage.
The use of heating lines and insulation to maintain temperature in the tubing at the size scale of a cor-
eﬂooding rig is known to have limitations in precision and control [Braun, 2011]. Thus the general
approach taken for temperature controlled coreﬂoods was to rely on heating lines and insulation to
maintain the temperature within a 610C range but to obtain precision in the temperature, 60.5C,
Figure 12. Saturation maps for all conditions after drainage at 0.2 or 0.5 cm3/min and imbibition at 0.2 or 0.5 cm3/min (the size of the reconstructed images was 115 3 116, with the
dimensions of each pixel 250 3 2000 lm).
Water Resources Research 10.1002/2014WR016441
NIU ET AL. VC 2015. The Authors. 12
with heating baths and ovens in the lines just prior to the inlet of the core, in the core itself and in
other locations (pumps and separator) where large fractions of the ﬂuid are concentrated in a single
location. In practice, small amounts of mass transfer between CO2 and brine during imbibition is often
observed in these experiments as well as all others that report in situ saturation monitoring [Lu et al.,
2011; Akbarabadi and Piri, 2013]. We made a number of observations to quantify the issue for our sys-
tem and a detailed summary of the ﬁndings are provided in the Appendix A. In all cases the dissolution
of CO2 occurred as a slowly moving front beginning at the upstream end of the core (see Figure A1 in
Figure 13. Saturation maps for all conditions after imbibition at 20 cm3/min and imbibition at 0.2 or 0.5 cm3/min (the size of the reconstructed images was 115 3 116, with the dimen-
sions of each pixel 250 lm3 2000 lm).
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the Appendix A) and scaled line-
arly with the number of pore vol-
umes of brine injected. This was
indicative of a system in which the
incoming brine was slightly under-
saturated with respect to the CO2
in the core. The level of undersatu-
ration was small and constant dur-
ing imbibition such that hundreds
of pore volumes were required to
dissolve all of the CO2. The impor-
tant feature of the dissolution pro-
cess with respect to characterizing
residual trapping was that while
trapped CO2 was slowly removed
from the upstream part of the
core, the downstream saturation
remained constant over the course
of hundreds of pore volumes until
reached by the dissolution front,
conﬁrming that this characterized
the saturation of a stable residually
trapped phase. Additionally, the areas in the core where CO2 has dissolved into brine are readily visible
from the 3-D CT scan images (see Figure A2 in the Appendix A). Thus, all data characterizing the IR
characteristic curves were easily taken from downstream sections of the core that were identiﬁably
unaffected by dissolution at the time of scanning.
5. Results and Discussion
Figures 10 and 11 show the evolution of the CO2 saturation during drainage and subsequent imbibition. In all
cases a residual CO2 saturation was obtained quickly, with less than one pore volume of brine injected,
remaining stable for up to 40
pore volumes of brine injected.
This rapid desaturation process
is characteristic of a water wet
system and is often used as an
indicator that the system is
water wet [e.g., Salathiel, 1973].
Saturation maps from the cen-
tral slice of the core are shown
for all of the experiments after
drainage and imbibition in Fig-
ures 12 and 13 for the low and
high drainage ﬂow rates,
respectively. Random noise in
the X-ray imagery results in a
quantiﬁable uncertainty in the
saturation value for a given
pixel. For comparison purposes
some of the images were coars-
ened (averaging over several
pixels) following a procedure
outlined in Pini et al. [2012] so
the uncertainty in the saturation
Figure 14. Data from all of the experiments on a single IR plot with a model curve from
the Landmodel with constant C5 1.1. The triangles are the N2-water data set and the
black circles are the compiled data from the CO2 tests. The dashed line shows the 1:1 line.



























Figure 15. The compiled plot of the data from this work compared with data reported in
the literature. Triangle: data from Akbarabadi and Piri [2013], square: data from Krevor et al.
[2012], black line: Land’s model with C5 1.1.
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value of a pixel in all of the
images are in the range 0.11–
0.13. This was particularly the
case for experiments 4 and 6,
where the density difference
between CO2 and brine were
quite low. More details on the
uncertainty characterization are
provided in an Appendix B.
Images from experiments at the
same temperature and pressure
are most directly comparable. In
particular, a comparison of the
saturation maps after drainage
at the low ﬂow rates during
experiments 1, 2, 3, and 5 show
that the spatial distribution of
the saturation within the core
were nearly identical between
experiments, showing the high
degree of repeatability that was
obtained in the coreﬂoods. The
distribution in experiment 5
after imbibition shows some heterogeneity. This experiment was with gaseous CO2 and the condition most
susceptible to small-scale heterogeneity in the core. Generally, the saturation maps and particularly those at
high drainage ﬂow rates show the uniformity of the rock core with the CO2 evenly distributed throughout the
core in all of the experiments.
A compilation of the IR data from all of the ﬂoods in Figure 14 shows that there was little if any impact of
reservoir conditions on the residual trapping characteristics of this system. The N2-water curve was also
indistinguishable from the CO2-brine curves, suggesting that this was an intrinsic property of the rock,
insensitive to ﬂuid pairs and reservoir conditions in which the system is strongly water wet and the distribu-
tion of ﬂuid is dominated by
capillary forces. A comparison
between the compiled data set
from this work and IR curves
measured on Berea sandstone
in different laboratories
reported in Akbarabadi and Piri
[2013] and Krevor et al. [2012]
is shown in Figure 15. The data
are remarkably similar and
demonstrate the strength of
the IR curve as a characteristic
property of multiphase ﬂow for
a rock type. Subsets of these
compiled results are discussed,
focusing on pressure, tempera-
ture, and salinity variation in
the following sections.
Experiments, 1, 5, and 6 were
carried out at pressures of 10,
5, and 20 MPa pore pressure,



























Figure 16. The IR plots for experiments with distilled water at 50C and various pressures:
circle: Exp. 5, 5 MPa, upward-pointing triangle: Exp. 1, 10 MPa, square: Exp. 6, 20 MPa.



























Figure 17. The IR plots for experiments at 10 MPa and two temperatures: upward-pointing
triangle: Exp. 1, 50C, downward-pointing triangle: Exp. 4, 25C.
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respectively (Table 2 and Fig-
ure 3), and Figure 16 shows the
IR characteristics without any
discernible impact of the varia-
tion in conditions. Similarly the
results of experiments 1 and 4
were performed at 50 and
25C, respectively, and the
results in Figure 17 suggest
that temperature had little
impact as the CO2 phase transi-
tioned from a supercritical to a
liquid ﬂuid.
The contact angle for CO2-
brine-silica system has been
observed to vary with salinity
[Chiquet et al., 2007; Espinoza
and Santamarina, 2010; Broseta
et al., 2012; Jung and Wan,
2012]. Figure 18 shows the IR
data plot for experiments 1, 2,
3, and 7 in which the salinity
was varied from no salt content to 5M NaCl. Again, the results suggest that any effect is not strong enough
to play an important role in controlling the multiphase ﬂow properties.
In the case of the N2 coreﬂood with distilled water at 25C and 10 MPa pore pressure, the viscosity and den-
sity of N2 were similar to CO2 at 50C and 50 MPa (Table 2). The solubility of N2, 1.3 cm
3/g [Wiebe et al.,
1933], however, is nearly 25 times lower than CO2, 32 cm
3/g (cm3 of gas at standard conditions per gram of
water) [Wiebe, 1941]. Therefore, the nitrogen is equilibrated with water more quickly and easily from an
experimental standpoint than with the CO2. Additionally, avoiding the use of corrosive ﬂuids signiﬁcantly
decreases the demands on the
experimental apparatus. It is
possible thus that the residual
trapping efﬁciency for CO2-
brine in sandstone could be
estimated using a N2-water
system where the experimental
apparatus for handling CO2-
brine systems is not readily
available. Indeed, it is likely
that other ﬂuid pairs useful in
creating other analog values of
viscosity and density could also
be used so long as they were
strongly water wet in
sandstone.
To illustrate the use of the IR
data for parameterizing hyster-
esis, a drainage steady state
relative permeability character-
ization was performed on the
same rock core at 10 MPa and
50C with the same experien-
tial setup. More details on the



























Figure 18. The IR plots for experiments at 10 MPa, 50C and different salinities: circle: Exp. 1,
0M, square: Exp. 2, 1M, down-pointing triangle: Exp. 3, 3M, up-pointing triangle: Exp. 7, 5M.
























Figure 19. Drainage relative permeability and imbibition scanning curves for Berea sand-
stone. The squares represent water (closed) and CO2 (open) drainage relative permeability
measurements. The two open triangles highlight an initial-residual saturation pair. Black
lines: drainage curve ﬁt using the Brooks-Corey model. Gray lines: imbibition curves gener-
ated using the Land equations.
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experimental procedures for steady state
relative permeability experiments can be
found in Krevor et al. [2012] and B. Niu
et al. (The impact of ﬂuid properties and
ﬂow conditions on the measurement of
relative permeability for CO2-brine sys-
tem, unpublished manuscript, 2014). Fig-
ure 19 shows the experimental data and best ﬁt curves based on the Brooks-Corey model (equations (4)
and (5)). The best ﬁt parameters nw and ng were 5.9 and 3.8, respectively. In the data ﬁtting, the endpoint
drainage relative permeability was assumed to be one for lack of precise observations at the endpoint. Fig-
ure 19 shows the bounding imbibition scanning curves for CO2 generated by the Landmodel with the value
C5 1.1 corresponding to the experimental data obtained in this work.
It is important to note that the scope of this work was to evaluate the impact of reservoir conditions on cap-
illary trapping in homogenous rocks. Indeed, the parameterization of hysteresis using the IR curve is appli-
cable to homogeneous domains. A number of recent studies have also made clear the importance of
capillary heterogeneity in reservoir rocks leading to CO2 immobilization that is not well described by a sim-
ple parameterization with a single IR curve [Li and Benson, 2014; Gershenzon et al., 2014; Krevor et al., 2011;
Saadatpoor et al., 2010]. In this case, the immobilization can be modeled using numerical simulation popu-
lating the petrophysical domains of the heterogeneous system with speciﬁc IR curves obtained from
homogenous samples representative of the individual domains. Alternatively upscaling can be applied to
obtain effective or pseudoparameters for domains that include known heterogeneity. Thus far, there is no
standard technique for making trapping observations for use in modeling that incorporates the presence of
heterogeneities in the rock sample itself.
6. Conclusion
We have used a coreﬂooding experimental approach to obtain observations of residual trapping in the
CO2-brine-sandstone rock system at a range of conditions and ﬂuid properties representative of reservoirs
targeted for CO2 storage. A novel residual trapping test was developed using in situ saturation monitoring
to rapidly observe a wide range of initial CO2 saturations in a core during a single ﬂood, making use of the
capillary end effect. A simulation approach to the design of the experiment proved useful for choosing the
optimum injection rates for the drainage process. The observed residual trapping characteristic curve was
found to be invariant across a wide range pressures, temperatures, and brine salinity conditions, including a
comparison with a ﬂood using a N2-water system. The results suggested that the system was strongly water
wet and also that the use of analog ﬂuids for this characterization may be useful when the full reservoir con-
ditions cannot be replicated in the laboratory. The rapid IR characterization may also be useful as a ﬁrst-
order characterization of hysteresis in the multiphase ﬂow properties.
Appendix A: The Impact of Mass Transfer on Residual Trapping Observations
In these experiments mass transfer, with CO2 dissolving into brine, was observed when the imbibition pro-
cess was performed for extended periods of time. This has also been reported in other CO2-brine residual
trapping tests that include in situ saturation monitoring [Lu et al., 2011; Akbarabadi and Piri, 2013]. We per-
formed a number of tests to evaluate the source of the disequilibrium and to evaluate the potential impact
of mass transfer on the results.
The dynamics of the dissolution
were observed in three experiments
labeled A, B, and C at 14 MPa and
60C with brine salinities 5, 3, and
0M NaCl, respectively. A less permea-
ble Berea sandstone rock was used
to increase the pressure variation
across the core and the properties of
the rock sample are shown in Table












3.8 19 16.5 73 35.9
Table 6. Pressure and Temperature Perturbations Required to Account for the






Lu et al. [2011] Tuscaloosa sandstone 10.5 36
Akbarabadi and
Piri [2013]
Berea sandstone 2.92 8.92
Akbarabadi and
Piri [2013]
Nugget sandstone 2.53 7.82
A, B, C Berea sandstone 1.05 3
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5. Results showing the dynam-
ics of dissolution for experiment
A are reported in Figures A1
and A2. The dissolution front is
piston like and the amount of
CO2 dissolved scales linearly
with the number of pore vol-
umes of brine injected. This is
indicative of a system where
the brine is entering the rock
core slightly undersaturated
with respect to CO2. The brine
quickly becomes saturated, dis-
solving a small amount of the
residually trapped CO2 in the
upstream section of the core
and having no further impact
on the downstream CO2 satura-
tion. An important observation
from this is that the saturation
of CO2 downstream of the dis-
solution front remains constant
over tens of pore volumes of
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Figure A1. Dissolution dynamics during experiment A, 5M NaCl brine, equilibrated with CO2
at 14 MPa injected at 10 cm3/min. Circle: initial saturation prior to imbibition. Plots with vari-
ous gray scale show the saturation proﬁle at 1, 5, 10, 20 and 40 pore volumes of brine
injected, respectively.
Figure A2. Saturation maps showing CO2 dissolution in experiment A. From left to right: initial saturation prior to imbibition, saturation at
1PVI, saturation at 10PVI, saturation at 40PVI (the size of the reconstructed images was 142 3 43, with the dimensions of each pixel 250 3
4000 lm).
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brine injected conﬁrming that
was a measure of the stable
residually trapped CO2. Two
subsequent tests, Exp. B and
Exp. C were performed at
higher injection velocity,
20 cm3/min, to observe the
complete dissolution of CO2 for
comparison with other studies.
A comparison of the results of
all of the experiments with
those from other laboratories is
shown in Figure A3.
Pressure or temperature dise-
quilibrium are potential sour-
ces of the dissolution,
including the variation in pres-
sure across the length of the
rock core. The level of undersa-
turation of the CO2 in the brine
entering the core can be esti-
mated from the observed pro-
gression of dissolution with the
number of pore volumes of
brine injected and this is plotted in Figure A3. A steeper curve is generally indicative of a larger disequili-
brium, with some qualiﬁcation depending on the precise temperature and pressure conditions of the
experiment. The required pressure or temperature variation (i.e., brine entering the core that has been equi-
librated with CO2 at a lower pressure or higher temperature) calculated using the solubility model of Duan
and Sun [2003] is shown in
Table 6 and also compared
with the other reported stud-
ies. In the experimental appa-
ratus used for this work the
level of disequilibrium corre-
sponded to an under pressure
of 1 MPa or over temperature
of 3C. Pressure variation
across the core during the
experiments during imbibition
was generally far lower than
0.1 MPa and thus it is likely
that temperature variation was
responsible for the disequili-
brium in our system. Addition-
ally, the experimental
apparatus appears to perform
well as compared with those
used in other studies. It was
clear from the observations
that accurate measures of
residual CO2 could be obtained
as long as average saturation
values were taken downstream
of the dissolution front. This
































Figure A3. The number of pore volumes of CO2 removed (i.e., increase in water saturation)
plotted against pore volumes of brine injected. Star: Exp. B, square: Exp. C, diamond: dissolu-
tion rate with a pressure disequilibrium of 0.35 MPa. Circle: data from Lu et al. [2011, Figure
9]. Left-pointing triangle (Berea sandstone) and right-pointing triangle (Nugget sandstone):
data from Akbarabadi and Piri [2013, Figure 12].


















Figure B1. A histogram of CT numbers obtained by taking the difference of two scans of
the same location. Various shades of gray represent difference values obtained at various
conditions of pressure and temperature but they are indistinguishable indicating that the
nature of the noise was intrinsic to the X-ray scanner. From light to dark the histogram bars
are taken from: CT images of CO2 saturated core at 50 bars–50C, 100 bars–25C, and 200
bars–50C, respectively, Gray line: ﬁtted normal distribution curve with mean value l5 0.04
and standard deviation r5 19.9.
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was straightforward given the slow progression of the dissolution front with the brine injection rates
(0.5 cm3/min) used in for the residual trapping observations.
Appendix B: Assessment of the Voxel Precision in the CT Imagery
Due to the difference in density contrast between CO2 and brine at the different test conditions (Table 2) the
signiﬁcance of noise associated with the CT image reconstruction translated into varying degrees of uncer-
tainty in the saturation calculation of individual pixels in the corresponding saturation maps. Noise in the
images was random in nature and only dependent on the energy associated with the generation of X-rays,
which was the same for all of the tests in this work. Figure B1 shows a characterization of the noise obtained
by obtaining the difference between two CT image scans taken at the same conditions and location. The
noise had a normal distribution and the uncertainty for the calculated saturation was calculated by the tech-










where r was the standard deviation of the CT numbers in Hounsﬁeld units of the distribution of values
obtained from the difference image. The average uncertainty ranged from 0.115 to 0.379 in saturation units,
which was large enough to inﬂuence the visual comparison of saturation maps at different conditions of
pressure and temperature. Therefore, different coarsening schemes were applied to the images averaging
over areas as large as 15 3 15 voxels such that the uncertainty variance associated with the saturation cal-
culated for a voxel was 0.115–0.129.
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